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FORFWORD
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ABSTRACT

Additional work on the 1.5 volt nickel-cadmium cell stabistor and

experimental test results verify the feasibility oa equalising

the cells of a series connected group by use of stabietors.

Effort was directed toward the design of a 2.0 volt stablstor for

use with the silver-zinc couple. Preliminary theoretical and

experimental investigations indicate satisfactory operation of the

stabistor on the lower voltage plateau; operation on the higher

voltage plateau is expected to involve severe losses.

The specific voltage of the ati-reversal device has been reduced

by about 10% by a different method of Junction formation.

One experimental charge control circuit has been cycled in excess

or 1250 times and a second circuit was cycled 785 times without

catastrophic failure of cells or semiconductors.
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I. NTROCTION

The space vehicle power supply requisites of reliability and un-

attended operation capability are presently most nearly fulfilled

by the solar cell-alkaline battery system. In earth satellite

applications this energy conversion system may operate in a cyclic

manner, the solar cells delivering power to the batteries and the

batteries in turn delivering power to the load during respective

light and dark portions of the orbit. Required battery voltages

are obtained by series connection of a suitable number of individual

cells. In the interest of weight and physical dimensions the removal

and reinsertion of an appreciable part of the battery capacity during

a given orbit is indicated.

Solar cell current is nearly constant over a relatively wide voltage

range and constant current charging of the alkaline battery in

appropriate. Due to inherent differences in cell capacity and

internal resistance, the instantaneous cell terminal voltages of a

battery being charged by constant current are generally unequal,

inferior cells reaching maximum terminal voltage ahead of cell having

higher capacity and lower internal resistance. During discharge, any

cell of the battery, not capable of discharging at the rate set by

the remaining cells and the load will be forced into voltage reversal

and effectively reverse charged. Either condition can lead to

electrode degeneration and electrolyte decomposition. Extensive
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electrolyte decomposition is, of course, intolerable in the

sealed space cell.

The P. R. Mallory Company submitted to Aeronautical Systems Division

a proposal entitled "Cell Equalization and Anti-Cell Reversal Tech-

niques for Secondary Batteries" in response to Purchase Request

No. 127425 and as a result was awarded Contract AF 33(657)-8749

effective 1 October 1962 and terminating 30 September 1963. One

objective of this program is to investigate methods of equalizing

the terminal voltage of individual secondary cells in a series

connected group. Another objective is to investigate methods of

preventing cell reversal upon discharge. The work program will

include, but will not be limited to theoretical and experimental

determination of a reliable method of cell equalization on charge

and elimination of cell reversal on discharge. It will also

embrace applied research on the equalizer and anti-reversal semi-

conductor devices with sufficient evaluations to determine that

the method is reliable and practical. Two experimental sets

including batteries shall be delivered.

II. DISCUSSIONS AND FACTUAL DATA

A. Semiconductor Material and Device Study

1. General:

During the third quarter of the contract additional work was done

on the 1.5 volt nickel-cadmium cell stabistor and effort was

2
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directed toward the design of a 2.0 volt stabistor for use with

the silver zinc couple. Larger, more planar Junctions were alloyed

in germanium resulting in anti-reversal devices of improved char-

acteristics.

2. The Nickel-Cadmium System Erlualizer:

The nominal limiting 1.5 volts, characteristic of the nickel-cadmium

system can be obtained, as reported prevlously, by use of two for-

ward biased junctions in silicon. The stabistor is described by

equation (1), in which the terms have the usual meaning, over the

operating range of interest.

S= Jo & (1)

Since the junctions are bonded together in series, the compensation

term N must be assigned values ranging from 2 to 4. The incremental

conductance of the junction is given by the derivative of equation (I).

dE =-. c_ J = g (2)
dV NXT

WVhere g is '.he incremental conductance per unit junction area. The

N term can be eliminated between equations (1) and (2) as shown by

equation (3).

Vg = J ln J (3)
Jo

and VgA = T ln J--
Jo

where A = junction area

I ,lunction current (amp)
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In the case of the 3.2 ampere hour cell, operated to 75% discharge

depth in the 90 minute cycle, the charge and discharge currents

are 3.4 and 4.12 amperes respectively. Let it be assumed that at

the end of charge the stabistor voltage and current are 1.48 volts

and 1.0 ampere (30% of the charge current) for a normal cell and

1.52 volts and 3.4 amperes in the worst case. The slope of the

required characteristic is therefore 60 (amperes/volt) at the

operating point. The voltage and slope requizements should be

met, according to equation (4), when the ratio JL is equal to
I Jo

3 x 1011. Assuming worst case Junction current density of about

150 amp/in 2 , the use of 0.01 ohm-cm p type silicon, processed as

previously described, will result in such a ratio at room temperature.

The above discussion was oversimplified in that the temperature

sensitivity of the saturation density was not given due consideration.

In operation, the cell stabistor is subject to a positive bias (the

cell terminal voltage) which increases from about 1.3 to 1.5 volts

in 55 minutes The skirts of the plateau like regions of the charge

characteristic are soft enough that the stabistor is virtually in

thermal equilibrium at all times. In fact, to track the cell tempera-

ture, which varies considerably over a given cycle, the stabistor and

cell must be thermally connected through a low impedance path. As

the stabistor current slowly increases, the saturation density increases

at a raster rate becaus% in part, of self heating. In other words,

the ratio J/Jo, and thus ln J/Jo, is an inverse furotion of temperature.
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The junction saturation density in the 0.01 p type silicon, pro-

ceased as described previously, increases by a factor of about

30 as Junction temperature increases from 75F to 15OF while that

in 0.005 ohm-cm p type silicon Junction increases only about

7 times over the same temperature excursion. To comply with

the cell temperature coefficient, the 0.005 ohm-cm material

must be utilized at the cost of a very slight decrease in slope

of the device characteristic.

3. The Silver-Zinc System Equalizer:

The silver-zinc system limiting charge voltage has been established1 ' 2

as about 1.97-1.99 volts under room temperature conditions. The

charge voltage characterist', is distinguished by two plateaus as

shown by Figure 1 which is a plot of data obtained during the charging

of a typical 25 ampere hour cell at constant 1.5 amperes. Figure 2

shows terminal voltage of the same cell over one 90 minute cycle.

Starting at full charge, in this case, the cell was discharged 35

minutes at constant 10.7 amperes then recharged 55 minutes at constant

6.8 amperes.

Referring to Figure 1, three modes of cell operation are possible.

They are: (a) Operation within the 1.60-1.64 volt level, (b) Operation

within the 1.92-1.99 volt level, and (c) Operation within both levels.

Only modes (a) and (b) need be considered with respect to equalization,

since a stabistor suitable for (b) would also be suitable for (c).

5
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(a) Lower Level Operation:

Referring again to Figure 1, the conductance of the stabietor, if the

stabistor-cell pair is to operate on the lower plateau, Must be as

shown by equation (5).

where I is the nominal constant charge current required without the

utabistor. The current input to the circuit must be increased suf-

ficiently to compensate the losses. This increase is approz•itely

the stabistor current at 1.64 volts. The slope and voltage require-

ments can be met by use of either two silicon Junctions operating

between about 100 and 1100 amps/in 2 , or two silicon and one germanium

Junctions operating between the limits of about 10 and 110 amp/in 2 .

The device efficiency is about 90% in both cases.

(b) Upper Level Operation:

By the reasoning previously employed, the conductance of the stabiator,

operated with the cell on the upper plateau, should be as given by

equation (6)

A 201 (whos) (6)
1.97-1.92

where I is again the nominal cell charge current required without

the stabistor. According to equation (2), such a value of conductance

is impossible for a compound three Junction structure since it requires

that N equal 2 at room temperature. In tact, equation (2) predicts
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that the conductance of any three Junction structure will be no

greater than 13.3 I at room temperature. Operation of the stabietor

on the upper plateau will therefore be costly in terms of the

additional charge current required.

The limiting 1.99 volts at specified currents can be obtained,

while maintaining reasonable junction areas, by stacking three

junctions in very low resistivity (0.0005 ohm-cm p type) silicon

or by stacking two higher resistivity silicon and one germanium

dice. In practice, considerably steeper V-I curve slopes and

Darameter uniformity have resulted from the silicon-germanium

combination, however, some difficulty has been encountered in

obtaining a mechanically strong bond at the silicon germanium sur-

faces.

4. Junctions in Germanium:

In germanium, penetration and area control are critical aspects

of the alloying process. Both are dependent, in part, on time in

and temperature of the heat zone, and on the pressure of the alloying

agent against the germanium dice. Electrical (and mechanical)

properties of the junction are dependent, in part, on heating and

cooling rates. After considerable experimentation involving the

above variables, the following method of fabrication of germanium

junctions acceptable to the stabistor requirements has evolved.

Germanium dice are sandwiched between tin gallium and tin antimony

preforms and held in place by a weight of about 10 oz/in2 of preform

area. This assembly is heated to 600oC and held at 6000 C for five
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minutes, cooled to 4000 C then removed from the furnace. Heating

rate is 20°C/minute; cooling rate (6000c to 4000 C) is lOOC/minute.

The furnace atmosphere is hydrogen. Planar Junctions 1 mil deep

are consistently obtained and electrical characteristics arn uniform.

The surfaces of such dice can readily be bonded to the gold plated

silicon dice.

Reduction of the anti-reversal device specific voltage has been

accomplished by alloying as described above over previously diffused

junctions in germanium. Figure 3 shows typical volt-density curves

characteristic of the two processes.

B. Prototype Device Fabrication and Evaluation

1. General:

During this quarter testing of the experimental charge control cir-

cuits was continued. Additional stabistors and anti-reversal devices

were fabricated and evaluated. Environmental testing of sample devices

was initiated.

2. Experimental Charge Control Circuit Testing:

Circuit BCC-2, discussed in the last report, has completed more than

1250 cycles at ASD. The test is being continued. Early in the test

it was determined that unsatisfactory operation resulted when part

of the cells were protected and part not protected. The unprotected

cells were then removed and the test continued.

Circuit BCC-3, in which series connected'groups of two paralleled

semiconductor sets each were used, was operated 785 cycles, with no

8
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failures of cells or protective devices, then discontinued. One

set of cells reversed 14 consecutive times during the first 100

cycles, then apparently recovered and completed the test without

additional reversals. During preliminary testing at constant

current, the currents of the paralleled cells, in some cases,

became grossly unequal during the last few minutes of charge and

discharge. This effect is less pronounced in the constant load

mode of operation.

The stabistor and anti-reversal diode pairs were approximately

rather than rigorously matched when selected and the maximum

observed hogging of current was by a 1.90/1.35 ratio which could

be improved by more careful selection of units. Temperature

behavior of the cells was similar to that of cells in the second

circuit.

A brief summary of third and 785th cycle data is shown by the fol-

lowing table.

TABLE I

3rd Cycle 785th Cycle

Group 1 2 3 1 2 3

End of Charge
Voltage 1.50 1.49 1.50 1.50 1.50 1.50

Equalizer Amperes 2.19 1.60 1.79 3.78 3.08 3.25

Temperature (F) 105 105 103 113 i11 110

End of Discharge
Voltage 1.15 1.02* 1.16 0.980 0.965 1.09

Temperature 99 103 100 100 100 99

*Reversed before measurements were completed.

9
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Environmental testing of sample units has been initiated and

results will be included in the final report. The thermal

resistance of the two Junction nickel-cadmium cell stabistor

has been determine as 1.2 0 C/watt; that of the three junction

silver-zinc cell stabistor as 50 C/watt, both with respect to

the heat sink. Thermal resistance of the silver-zinc cell

stabistor is considerably higher than anticipated and must

be reduced.

Il1. PROGRAM FOR NEXT INTERVAL

1. Testing of the sealed alkaline cells will be continued.

2. Environmental testing will be continued.

3. The experimental hardware sets will be constructed.

10
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